disease target that has significant impact among 30,000 American patients and 70,000 patients world-wide (52) .
The airway consists of a complex mosaic of cell types, including ciliated and nonciliated columnar, goblet, club, basal, and neuroendocrine epithelial cells. Cells are arranged in a pseudostratified epithelium that lines the airway, and cell type composition differs with distance from the trachea, advancing through the bronchi and bronchioles (47, 67) . These cells function as a biological physical barrier that protects the lower airway from pathogens (12, 62) . Key components of this barrier are the tight junctions, which are intercellular contacts that form the physical basis for regulating paracellular permeability of water, ions, and metabolites between cells. Tight junctions thereby play a critical role in the separation of solutes and ions between the apical and basolateral faces of the epithelial cell layer (43) .
In vitro airway model systems have been used to study several aspects of the molecular regulation of tight junctions (61) . Cells in vitro have been used to show that airway epithelial cells expressing wild-type (WT) CFTR exhibit higher transepithelial resistance (TER) than CFTR-null cells or cells expressing F508del CFTR, supporting a role for CFTR and tight junctions regulating ion transport (7, 34, 44, 66) . However, conflicting data in the literature suggesting that TER is more sensitive to the selected cell type than to expression of normal or abnormal CFTR (40) underscore the point that cell model selection is critical for interpretable experiments.
Another class of intercellular contacts, called gap junctions, are composed of channel-forming proteins known as connexins. Gap junctions mediate cellular communication by forming intercellular channels that provide a means for direct diffusion of ions and metabolites between juxtaposed cells in a tissue. In the airway, gap junctions contribute to Ca 2ϩ wave propagation (3), ciliary beat frequency (35) , coordinated secretion of airway surface liquid (46) and mucous proteins (4) , and innate immune functions of the epithelial layer (32, 38, 67) . CFTR has been described to interact with connexins to regulate protein trafficking and ion regulation (6) . However, the means by which gap junctions are impaired in the CF airway are not well understood. Critical to understanding the effects of diseaserelated gap junction biology is the importance of finding cell models where disease physiology is retained and comparable to that observed in primary cells. In particular, cell models should express physiological levels of CFTR, as well as native connexins, which reflect the appropriate cell phenotype.
As mentioned above, each distinct area of the airway contains numerous cell types. As a result, tissue samples from different airway segments produce cell cultures with distinct characteristics (47) . Among the various cell line models used for CF research, only a few of the nonciliated upper airway epithelial cell lines originate from the human airway. There is an inherent advantage to using near-physiological, noncancerous airway epithelial cells to elucidate the physiological roles of all cell types in the healthy human airway. However, the majority of airway research has been done using model cells isolated from cancerous tissue, models from viral-transduced overexpression, or models focused on ciliated cells that may obscure normal cell functions of nonciliated cells in the airway.
Procurement of high-quality, bio-similar primary cell samples is frequently challenging and requires knowledge of how to characterize, harvest, isolate, expand, and use them for experimentation. By contrast, cell lines of cancerous origin are easier to use in experiments; however, they often obscure normal, noncancerous disease physiology because of chromosomal instability and/or interference with normal signal transduction. This can be demonstrated with studies observing metabolism related to normal, noncancerous, and cancerous cell models (49) . Cell lines such as the human bronchiolar epithelial (hBE) cell variants CFBE41o-and 16HBE14o-can vary significantly in target gene and protein expression, which confounds interpretation of results obtained using these cells compared with in vitro primary human airway cells (16, 17, 40) . Therefore, well-controlled and bio-similar noncancerous cell models are ideal for research related to noncancerous diseases and to normal cell function and physiology.
One method of cell line creation that blends the advantages of primary cell phenotype with the utility of a cell line involves the use of telomerase and human papilloma virus-16 E6 and E7 cell cycle effector proteins for cell immortalization (2, 41) . Telomerase acts to extend the ends of the chromosomes, preventing cellular crisis, while E6 and E7 degrade p53 and retinoblastoma protein, respectively, allowing cell cycling to continue. This immortalization method may provide a unique opportunity to study cellular processes that are obscured by cancer-related physiological processes resulting from the use of cancer-derived cell line models.
The NuLi and CuFi cell lines are telomerase-immortalized human airway epithelial cells that represent a system with features such as genomic stability and known age, sex, and donor genotype (69) . NuLi and CuFi cells are particularly advantageous, because they are fairly easy to propagate in culture and, additionally, have the ability to differentiate when cultured at an air-liquid interface (ALI) on Transwell permeable supports. These cells also appear to exhibit near-physiological levels of expression for CFTR mRNA and protein (69) , making them particularly well suited to CF research. Despite what is known about NuLi and CuFi cells, only a handful of studies have utilized these human airway cell models. Moreover, comparison between these studies is difficult because of varying maturation conditions. Several studies have used NuLi and CuFi cells differentiated on Transwell permeable supports at ALI for 4 -6 wk (1, 19, 27, 37, 45, 57, 58, 63) , although cells at ALI for 2-3 wk have also been used (5, 64, 69) , as have cells on collagen-coated tissue culture plastic (8, 13, 25, 39, 57, 58) .
Given that maturation time and culture conditions can have a significant effect on cell function, we phenotypically profiled the NuLi-1 (CFTR wt/wt ) and CuFi-5 (CFTR ⌬F508/⌬F508 ) cell lines at weeks 3, 5, and 7 of ALI culture. We then focused on the utility of these cells for studying tight junctions and gap junctions. The electrophysiological profile and CFTR expression were also assessed at different times following ALI culture. Since primary cells are known to take weeks to months to fully differentiate, we compared the transcriptional and phenotypic changes that occurred with time in ALI culture in NuLi-1 and CuFi-5 cells with changes in primary patientderived hBE cells from non-CF lungs (NhBE cells) and CF lungs homozygous for CFTR ⌬F508 (CFhBE cells). We found that NuLi-1 and CuFi-5 cells continue to differentiate in ALI culture and require 6 -7 wk to fully stabilize, which has implications for their composition in culture and their proper optimization for use in airway research. We also posit that NuLi-1 and CuFi-5 cell lines are utilizable in gap junction functional studies, as we have demonstrated that expression of F508del CFTR in these cell lines impairs gap junction function.
MATERIALS AND METHODS
Cell lines and culture methods. Established normal lung University of Iowa 1 (NuLi-1) and CF University of Iowa 5 (CuFi-5) cell lines (CRL-4011 and CRL-4016, respectively, American Type Culture Collection) were grown as described by Zabner et al. (69) with modifications described here. NuLi-1 cells are from a 36-yr-old nondiseased human male donor. CuFi-5 cells are from a 32-yr-old CFTR ⌬F508 homozygous human male donor. Growth repression was relieved via expression of both human telomerase reverse transcriptase and human papilloma virus-16 E6/E7 genes in both cell lines. Cells were grown on collagen-coated (60 g/ml, human placental type IV; catalog no. C7521, Sigma-Aldrich) T75 flasks (catalog no. 353136, BD Corning) in bronchial epithelial growth medium (catalog no. CC-3170, Lonza; with all supplied supplements except gentamicin and amphotericin B) in a humidified HEPA-filtered cell culture incubator supplemented with 5% CO 2. NuLi-1 and CuFi-5 cells between passages 5 and 17 were used. Proliferating cells (i.e., cells on plastic) were split once per week on Monday and fed bronchial epithelial growth medium on Monday, Wednesday, and Friday. NuLi-1 and CuFi-5 cells in 10 ml of medium were seeded onto plastic T75 flasks at 3.5 ϫ 10 5 and 3.8 ϫ 10 5 cells/flask, respectively, to obtain roughly equivalent confluence after 1 wk in culture. After trypsinization, cells were collected and seeded onto semipermeable filters in DMEM/F-12 medium (catalog no. 51445C, Sigma-Aldrich) containing 5% FBS (catalog no. S11550, Atlanta Biologicals). Transwell (catalog nos. 3450 and 3460, Corning) or Snapwell (catalog no. 3801, Corning) semipermeable supports were used to induce differentiation by seeding each collagen-coated support with 1.2 ϫ 10 5 and 2.4 ϫ 10 5 cells/cm 2 for NuLi-1 and CuFi-5, respectively, to facilitate confluence within 1 wk. Cells were allowed to grow at liquid-liquid interface for 2 days in DMEM/F-12 medium ϩ 5% FBS; then the medium was changed to bilateral DMEM/F-12 medium ϩ 2% Ultroser G (catalog no. 15950-017, Crescent Chemical/Pall-BioSpera) "differentiation medium" until a confluent monolayer was achieved (ϳ5-7 days total). Then ALI culture was achieved by complete removal of the apical medium and replacement of the basolateral medium with fresh differentiation medium. At all phases of growth, medium was replaced every Monday, Wednesday, and Friday. We recommend use of cells after Ն7 wk of culture at ALI. Primary cells were obtained from Cystic Fibrosis Foundation Therapeutics and cultured in 2% Ultroser G according to their directions without changes.
Quantitative PCR. mRNA was harvested from duplicate Transwell permeable supports containing each cell line, at the indicated time points, using the RNeasy Plus Mini Kit (catalog no. 74134, Qiagen). The isolated mRNA was then quantified with a spectrophotometer (NanoDrop, Thermo Scientific), and 1 g of mRNA was used to generate cDNA using the iScript cDNA synthesis kit (catalog no. 170-8890, Bio-Rad) with random hexamer and poly(dT) primers. Quantitative RT-PCR was performed using a customized, validated, and commercially available 96-well plate assay (PrimePCR system, Bio-Rad) that contained lyophilized and validated quantitative PCR primer sets sufficient for 20 l SYBR Green Taq (catalog no. 170-8882, Bio-Rad) assays with an annealing temperature of 60°C. Generated cDNA was diluted 1:10 with molecular biology-grade water and used for quantitative RT-PCR analysis with 2 l of diluted cDNA sample per 20 l of SYBR Green assay using an iQ5 iCycler multicolor detection system (Bio-Rad) with auto cycle threshold (CT) determination. In this analysis, C T of 35 for any amplicon is considered below the reasonable detection limit, reflecting undetectably low expression. Each assay contained internal controls and reference wells for inter-and intra-assay comparisons utilizing the normalized CT number and relative expression analysis Fluorescent lectin cell phenotype analysis. Cells grown on Transwell permeable supports were placed into a 4°C refrigerator for 15 min, washed five times with ice-cold Ca 2ϩ /Mg 2ϩ -containing Dulbecco's phosphate-buffered saline (DPBSϩϩ), fixed with ice-cold 4% paraformaldehyde for 15 min at 4°C, quenched with 1 M glycine in DPBSϩϩ for 5 min at room temperature, washed three times with DPBSϩϩ, and then incubated with different combinations of dyecoupled lectins and 4=,6-diaminido-2-phenylindole (DAPI) for 15 min at room temperature. The lectins and the cells they stain are as follows: jack fruit lectin-FITC (jacalin/Artocarpus integrifolia; catalog no. A3590-12C, US Biological) at 10 g/ml, which labels secretory goblet cells; MPL lectin-Texas Red (Maclura pomifera; catalog no. 21761041-1, Bioworld) at 10 g/ml, which labels club cells; peanut lectin-Alexa Fluor 594 (PNA/Arachus hypogaea; catalog no. L-32459, Life Technologies) at 1 g/ml, which labels ciliated and columnar cells; and BSI-B4 lectin-FITC (Bandeiraea simplicifolia; catalog no. L2895, Sigma) at 10 g/ml, which labels basal cells. All lectins were diluted in DPBSϩϩ just prior to use, and stained cells were mounted in ProLong Gold Antifade with DAPI (catalog no. P36931, Invitrogen). Images were captured with an inverted fluorescence microscope (Olympus IX70) equipped with a Hamamatsu digital camera.
Antibodies, Western blotting, and immunofluorescence. Cells grown on permeable supports were scraped into DPBSϩϩ supplemented with Complete Mini tablet protease inhibitor cocktail (catalog no. 11836153001, Roche). Multiple permeable supports were combined for protein processing. Proteins were isolated by whole cell lysis with RIPA buffer (catalog no. 9806, Cell Signaling Technologies) with PMSF, NaF, and Na2VO3 according to the manufacturer's instructions, quantitated by bicinchoninic acid assay (catalog no. 23225, Pierce Thermo Scientific), and then mixed with reducing SDS-containing protein sample buffer. Twenty to 120 g of protein from each cell line sample were loaded into TGX gels (Bio-Rad), run with Tris-glycine buffer, and transferred with the Trans-Blot turbo transfer system (Bio-Rad) according to the manufacturer's directions. For blot development, gels were transferred to nitrocellulose or low-fluorescence polyvinylidene difluoride, blocked with Odyssey blocking buffer (catalog no. 927-40000 or 927-50000, LI-COR), and used for two-color fluorescence imaging with the Odyssey Classic imager (LI-COR). Blots are presented as single-channel gray-scale images.
Antibodies used for Western blotting included CFTR at 1:1,000 dilution for 1 h at room temperature (mouse; CFF596, lot 596TJ03082013, University of North Carolina), actin at 1:20,000 dilution (mouse; catalog no. A5441, Sigma), Cx26 at 1:500 dilution (catalog no. 71-0500, Life Technologies), Cx43 at 1:5,000 dilution (catalog no. C6219, Sigma), zonula occludens 1 (ZO-1) at 1:500 dilution (catalog no. 33-9100, Life Technologies), claudin (Cldn)-1 at 1:500 dilution (catalog no. 37-4900, Life Technologies), and Cldn-4 at 1:500 dilution (catalog no. 32-9400, Life Technologies). Primary antibodies were diluted in a 1:1 mixture of DPBSϩϩ and Odyssey blocking buffer with 0.2% (vol/vol) Tween 20. Fluorescent secondary antibodies (LI-COR) were as follows: goat anti-mouse 680RD, goat anti-mouse 800CW, goat anti-rabbit 680RD, and goat anti-rabbit 800CW, each diluted at 1:20,000 in a 1:1 mixture of DPBSϩϩ and Odyssey blocking buffer with 0.2% (vol/vol) Tween 20.
Cells grown on permeable supports were fixed and immunolabeled accordingly with the antibodies described above. Cells were fixed in 4% paraformaldehyde in DPBSϩϩ for 15 min at room temperature or 50:50 acetone-methanol for 2 min at room temperature, permeabilized with 0.5% Triton X-100, blocked in 1% bovine serum albumin in DPBSϩϩ with 0.05% Tween 20 (PBT buffer) for 30 min at room temperature, and then incubated with primary antibodies overnight in 0.1% bovine serum albumin in PBT. For labeling of ZO-1 (1:200 dilution; catalog no. 40-2200, Invitrogen), cells were fixed in 100% methanol for 8 min at Ϫ20°C and labeled as described above. Fluorescent secondary antibodies conjugated to Alexa Fluor 488 or 594 or Texas Red (Jackson ImmunoResearch) were used at 1:1,000 dilution in PBT for 1 h at room temperature. Wash steps were performed with PBT buffer, and after the final wash, each filter was briefly rinsed in 70% ethanol prior to trimming and mounting in ProLong Gold Antifade reagent with DAPI. Permeable supports were imaged using a Nikon epifluorescence inverted microscope or a Zeiss 4 laser confocal microscope. Resulting images were processed using FUJI (NIH ImageJ).
TER measurements and Ussing chamber analysis. TER was measured with a chopstick ohmmeter (Precision Instruments) in Ringer solution on the Monday of each week prior to feeding, for consistency. On the day of experimentation, cells were washed with DPBSϩϩ, and transepithelial currents were recorded using a voltageclamp amplifier (model VCC-MC6, Warner Instruments), which is controlled using the Acquire and Analyze software provided by the manufacturer. Currents were recorded in a solution containing (in mM) 140 NaCl, 5 KCl, 0.36 K 2HPO4, 0.44 KH2PO4, 1.3 CaCl2, 0.5 MgCl2, 4.2 HEPES, and 10 glucose, with pH adjusted to 7.4 with HCl. Prior to recording, voltage offset and fluid resistance compensations were adjusted according to the manufacturer's instructions. During recording, solutions were bubbled with 95 O2-5% CO2, and the chamber was heated to 37°C using a circulating water bath. The clamping paradigm consisted of Ϯ5-mV voltage steps for 20 ms, cycling every second. In each experiment, epithelial Na ϩ channel (ENaC) current was blocked by addition of 10 M amiloride to the apical chamber. Ca 2ϩ -activated Cl Ϫ channel activity was suppressed by apical application of 10 M DIDS. CFTR currents were elicited with a basolateral application of 100 M 3-isobutyl-1-methylxanthine (IBMX) ϩ 10 M forskolin (FSK) and blocked by apical application of 20 M glycine hydrazide (GlyH)-101. Any remaining current was inhibited by basolateral application of 100 M bumetanide. All reagents were obtained from EMD-Millipore. Apical-to-basolateral cation flow is shown as a negative current. Values are means Ϯ SE. Data were analyzed using Prism v5.0 software.
Scrape-loading dye-transfer studies. NuLi-1 and CuFi-5 cells were basolaterally treated with 0, 3, or 5 mM 4-phenylbutyric acid (4-PBA) for 24 h at 37°C. Cells were then vigorously washed with 300 l of warmed (37°C) Ringer solution (with glucose) to remove loose cells, and four parallel scalpel scrapes were made. Dye solution (200 l) consisting of 0.25% (wt/vol) calcein ϩ 0.01% (wt/vol) Texas Red dextran (10 kDa), dissolved in Ringer solution and prewarmed to 37°C, was placed onto the washed apical surface. Transwell filters with apical dye were placed into prewarmed Ringer solution in a 100-mm tissue culture dish and placed into the incubator for labeling. After 15 min of labeling, the cells were removed from the incubator, dye was removed and discarded, and apical surfaces were washed 5-10 times with Ringer solution until liquid was clear (Յ2 min). Transwell filters were then immediately imaged with U-MWIBA blue/green (band-pass 460 -490 nm/dichroic mirror 505 nm/barrier 515-550 nm) 485-nm and U-MNG green/red (band pass 530 -550 nm/dichroic mirror 570/barrier 590 to Ն800 nm) 594-nm filter packs for calcein and Texas Red dextran, respectively, as well as phase contrast. Dye transfer was quantified as average distance of dye transfer from the edge of the scrape to the background levels as assessed by gray-scale line scans, with a minimum intensity cutoff of 80 -100 on a scale of 0 -255. Statistical significance was assessed by two-tailed Student's t-test.
4-PBA treatment of IB3 cells. IB3-1 cells were seeded onto glass coverslips for imaging. They were treated with 0 or 5 mM 4-PBA overnight at 37°C in MEM ϩ 10% FBS. Cells were fixed with methanol-acetone for 2 min at room temperature, washed with DPBSϩϩ, and labeled as described above or analyzed by microinjection dye transfer.
Dye transfer via single-cell microinjection. Dye-transfer in IB3-1 cells was studied using a method similar to that described by Koval et al. (30) . Cells were cultured on glass coverslips 2 days before microinjection experiments. The coverslips were mounted in a tissue chamber (Medical Systems, Greenvale, NY) on an epifluorescence microscope, covered with culture medium, and maintained at 37°C in a 5% CO 2 atmosphere. Cells were microinjected with solutions containing 2 mg/ml calcein in 200 mM KCl (Invitrogen) using 
RESULTS
Lectin phenotyping reveals that NuLi-1 and CuFi-5 are serous cells. To assess the phenotype of the NuLi-1 and CuFi-5 cell models, carbohydrate-binding lectins were used to characterize cells on the basis of cell type-specific enrichment of surface carbohydrates, as previously described (11, 23, 24, 50, 59, 68) . We analyzed NuLi-1 cells at initial ALI (week 0) and at week 8 of ALI culture to study the effects of differentiation time on epithelial cell type population. By lectin analysis, NuLi-1 and CuFi-5 cells display a predominantly pseudostratified serous cell phenotype, discriminated by a multinuclear cellular staining pattern characteristic of pseudostratified epithelia with intense staining by jacalin lectin (Fig. 1) . However, not all cells stained at similar intensities, most likely due to variants in cell type and the abundance of glycoproteins on the cell surface. Furthermore, Ͼ80% of NuLi-1 and CuFi-5 cells stained positive for jacalin lectin, a goblet cell marker, suggesting that the cells are secretory cells most likely closely related to goblet or mucus-producing cells. Differences in the various phenotypes of lectin intensity with respect to cell size and maturation over the 8-wk ALI culture condition were also observed. At week 0, cells were uniformly large and the cell borders were diffuse. At week 8, cells took on a more regular shape, with defined cell borders and various apical cell sizes compared with the diffuse and larger cell types observed at week 0.
NuLi-1 and CuFi-5 tight junctions require time to stabilize in ALI culture. To assess when NuLi-1 and CuFi-5 cell models acquire tight junction barrier stability, we sampled the cell models over 7 wk of culture at ALI. Parameters that define barrier function, such as TER, electrophysiological properties, and tight junction protein gene expression, were measured. Measurements of the NuLi-1 and CuFi-5 cell lines in 2% Ultroser culture conditions revealed that TER changed over time. NuLi-1 cell TER was ϳ270 ⍀·cm 2 at week 2, peaked at ϳ1,100 ⍀·cm 2 at week 4, and stabilized at ϳ450 ⍀·cm 2 at week 6, whereas CuFi-5 cell TER was ϳ220 ⍀·cm 2 at week 2, peaked at ϳ430 ⍀·cm 2 at week 4, and stabilized at ϳ250 ⍀·cm 2 at week 5 ( Fig. 2A) . Notably, TER was consistently lower at all time points in F508del CFTR-expressing CuFi-5 than NuLi-1 cells. These changes were not dependent on plating densities, suggesting that they represent an inherent difference between the cell lines (Fig. 2B ). Stable barrier formation was dependent on maturation time in culture ( Fig.  2A ) but independent of cell density (Fig. 2B) .
NuLi-1 and CuFi-5 cells express airway-specific tight junction proteins comparable to primary hBE cells.
Immunoblotting showed that NuLi-1 and CuFi-5 cells at week 7 express the tight junction proteins ZO-1, Cldn-1, and Cldn-4 (Fig. 2C) . Immunofluorescence of ZO-1 confirmed the presence of tight junctions in both cell types at week 7 (Fig. 2D) . Gene expression analysis of tight junction proteins (TJP) showed increasing gene expression of ZO-1 (TJP1), ZO-2 (TJP2), and Cldn-1 (CLDN1) beginning at week 3 in NuLi-1 cells, whereas CuFi-5 cells exhibited no significant differences in gene expression over all time points (Fig. 2E) . Interestingly, at week 7 of ALI culture, the gene expression profiles of NuLi-1 and CuFi-5 cells were remarkably similar to those of ciliated NhBE and CFhBE primary human airway cells (Fig. 2F) . However, as indicated by higher C T values, expression levels for Cldn-3, Cldn-4, and Cldn-5 were lower for NuLi-1 and CuFi-5 than NhBE and CFhBE cells. Since the reliable detection limit for the PrimePCR assay system is 35 cycles of amplification (C T ϭ 35), Cldn-18 is considered below detectable levels. We did not expect to find Cldn-18 in these airway cells, since it is found mainly in alveolar epithelia, and not in the airway (28) . We used NhBE gene expression as a benchmark and calculated the relative fold expression for each of the tight junction gene amplicons detected (Fig. 2G) . For all the claudins, except Cldn-7, mRNA expression was less by NuLi-1 and CuFi-5 cells than by the equivalent primary cell type. Despite low Fig. 3 . Ussing chamber analysis indicates that CFTR channel function in Nuli-1 cells continues to increase until week 7 of ALI culture. A-C: representative change in current elicited in recordings from cells treated with 10 M amiloride to block epithelial Na ϩ channel (ENaC) current, 10 M forskolin (FSK) ϩ 100 M 3-isobutyl-1-methylxanthine (IBMX) to invoke cystic fibrosis transmembrane conductance regulator (CFTR) currents, and 20 M glycine hydrazide (GlyH) to block CFTR currents in NuLi-1 cell filters at weeks 1, 3, 5, and 7 post-ALI (negative current represents movement of anions in basolateral-to-apical direction or movement of cations in apical-to-basolateral direction). FSK ϩ IBMX-stimulated and GlyH-inhibited CFTR currents developed with time in ALI culture at a rate of ϳ0.5 A per 2 wk to a maximum of 1.5 A within 7 wk. *P Ͻ 0.05 (by 2-tailed t-test). D and E: bumetanide, a Na ϩ -K ϩ -Cl Ϫ cotransporter inhibitor, and DIDS, a blocker of anion exchangers and some non-CFTR Cl Ϫ channels, applied after GlyH, failed to induce appreciable change in currents at each time point, indicating that the contribution of Ca 2ϩ -activated Cl Ϫ channels to the overall current was minimal and that FSK ϩ IBMX-stimulated currents were due to CFTR. levels of Cldn-1 and Cldn-4 mRNA expression by NuLi-1 and CuFi-5 cells, protein expression for these two claudins was readily detected by immunoblotting (Fig. 2C) , and the cells formed high-resistance paracellular barriers ( Fig. 2A) .
CFTR expression and function of NuLi-1 and CuFi-5 cells develop over time in culture.
We found that ENaC and CFTR activity differ between the NuLi-1 and CuFi-5 cell lines and primary airway cells (69) . These differences in electrophysiological function and CFTR gene and protein levels were measured using Ussing chamber analysis (Fig. 3) , quantitative PCR, and immunoblotting (Fig. 4) . We observed currents with pharmacological characteristics expected of differentiated airway epithelial-derived cells after week 7 at ALI. To assess the time dependence of current development in NuLi-1 and CuFi-5 cells, we performed Ussing chamber studies on cells from week 0 to week 7 post-airlift. Airlift begins after removal of apical media to create an air-cell interface on top of the cell monolayer. Week 0 represents 1-3 days after airlift. Amilorideinhibited ENaC currents first appeared in NuLi-1 cells at week 1 post-airlift (Fig. 3A) at a low, but detectable, current of 6.5 Ϯ 1.2 A/cm 2 . ENaC currents developed a marked change in amplitude at week 3, averaging 36.7 Ϯ 13.5 A/cm 2 , with a maximum observed current of 36.8 Ϯ 3.0 A/cm 2 at week 7. The NuLi-1 cell response to basolaterally applied CFTR agonists forskolin (10 M) and IBMX (100 M) (FSK ϩ IBMX) at week 1 was Ϫ0.037 Ϯ 0.38 A/cm 2 ( Fig. 3B) , with appreciable currents appearing at week 3 (Ϫ0.81 Ϯ 0.096 A/cm 2 ) and increasing to Ϫ1.42 Ϯ 0.35 A/cm 2 by week 7. In general, GlyH blocked the FSK ϩ IBMX-stimulated current (Fig. 3, C  and J-M) , suggesting that CFTR functional expression continues to increase through week 7 in NuLi-1 cells. FSK ϩ IBMX-stimulated CFTR currents developed over time in NuLi-1 cells (Fig. 3, B and F-I) , with a near doubling in current every 2 wk of maturation. Bumetanide had a minimal effect following addition of amiloride and GlyH, suggesting that ENaC and CFTR are the major contributors to currents in the NuLi-1 and CuFi-5 cells (Figs. 3D and 4B ). DIDS (10 M) had little effect in NuLi-1 or CuFi-5 cells (Figs. 3E and 4B) , consistent with minimal basal activity of Ca 2ϩ -activated Cl Ϫ channels at most time points tested. As expected, CuFi-5 cells did not develop a FSK ϩ IBMXresponsive current (Fig. 4, A and B) . Figure 4A demonstrates the overall current profile where basal currents in CuFi-5 cells consisted of relatively large amiloride-sensitive components of Ϫ48.5 Ϯ 1.32 A/cm 2 . Basolateral addition of FSK ϩ IBMX elicited a rapidly developing negative current in the NuLi-1 cells, but not in the CuFi-5 cells (Ϫ0.243 Ϯ 0.068 A/cm 2 ), as expected, given the respective CFTR genotypes (Fig. 4, A and  B) . GlyH had minimal effects in CuFi-5 cells, consistent with the apparent lack of CFTR-mediated current (Fig. 4, A and B) . Figure 4B summarizes the data collected in the Ussing chamber experiments. CFTR protein expression in NuLi-1 and CuFi-5 cells paralleled gene expression and Ussing chamber measurements, in that expression levels of CFTR are much lower in CuFi-5 than NuLi-1 cells (Fig. 4C) .
The CFTR gene expression trends of the NuLi-1 and CuFi-5 cells (Fig. 4E) at week 7 are similar to those of the NhBE and CFhBE cells (Fig. 4D) . Interestingly, the levels of CFTR transcripts were nearly twice as high in the CFhBE than NhBE cells (Fig. 4, D-F) . Critically, the expression levels were almost eightfold lower in NuLi-1 and CuFi-5 cells than in primary cells (Fig. 4F) . This is an important feature of NuLi-1 and CuFi-5 cells, in that they do not overexpress CFTR, which is a confounding factor characteristic of most other immortalized airway cell lines.
NuLi-1 and CuFi-5 cells express airway-specific gap junction proteins comparable to primary hBE cells.
The connexins are the protein constituents of gap junction channels (31) . We confirmed the expression of Cx43 (an ␣-type connexin) and Cx26 (a ␤-type connexin) by immunoblotting (Fig. 5A ) and gene transcription (Fig. 5, B and C) . NuLi-1 and CuFi-5 cells express Cx43 mRNA (GJA1) at similar quantities at week 7 (Fig. 5B) but differ greatly in their expression of Cx26 mRNA (GJB2) throughout ALI culture (Fig. 5D) . NuLi-1 cells express five times as much Cx26 as CuFi-5 cells at week 7 (Fig. 5B); however, Western blot analysis shows similar amounts of protein in NuLi-1 and CuFi-5 cells (Fig. 5A) .
Interestingly, the gene expression of gap junction mRNA in NuLi-1/CuFi-5 cells at maturity is very similar to that in mature primary ciliated NhBE/CFhBE airway cells. Abundance of transcripts for Cx43 (GJA1), Cx46 (GJA3), Cx31 (GJB3), Cx30.3 (GJB4), and Cx31.1 (GJB5) is similar (Fig.  5C ) in each paired model. However, Cx32 (GJB1) and Cx30 (GJB6) transcript abundances are markedly different between NhBE and NuLi-1 cells, yet they are similar in CFhBE and CuFi-5 cells (Figs. 5, C and D) . GJB1 expression is 16-fold lower in NuLi-1 than NhBE cells, and GJB6 expression is 7.5-fold higher in NuLi-1 than NhBE cells (Fig. 5D ). These results demonstrate that airway cells have a complex pattern of connexin expression and point out the possibility that cell-cell communication is likely to be important for function of airway epithelial tissue.
F508del CFTR-expressing cells display a Cx43-specific trafficking anomaly rescued by 4-PBA.
Using immunofluorescence, we confirmed the expression of Cx43 and Cx26 by NuLi-1 and CuFi-5 cells (Figs. 6A) . Interestingly, in the CFaffected CuFi-5 cells, but not in the wild-type NuLi-1 cells, we observed trafficking defects of Cx43, but not Cx26 (Fig. 6A) . This finding suggests a specific effect on ␣-type connexins (e.g., Cx43) due to expression of F508del CFTR, but not ␤-type connexins (e.g., Cx26). Treatment of CuFi-5 cells with 4-PBA, which is known to partially promote folding of mutant CFTR (51, 53, 55) and connexins (9, 26, 65) , resulted in a dose-dependent increase in gap junctional communication measured by intercellular transfer of the fluorescent tracer calcein (Fig. 6, B and C) . A significant dose-dependent increase in dye transfer was observed between untreated CuFi-5 cells and cells treated with 5 mM 4-PBA, although dye transfer by 4-PBA-treated CuFi-5 cells did not reach the level of dye transfer by NuLi-1 cells (Fig. 6C) . Additionally, 4-PBA induced a significant increase in forskolin-responsive, CFTRmediated Cl Ϫ currents (Fig. 6D) , confirming that 4-PBA is able to rescue the proper folding of F508del CFTR.
To confirm the observation that Cx43 mistrafficking in CuFi-5 cells was due to F508del CFTR expression, we examined Cx43 expression, localization, and gap junction-mediated dye transfer in IB3-1 cells, a different airway cell line that expresses one copy of F508del CFTR and one copy of a truncated CFTR, W1282X (Fig. 7) . We measured intercellular communication between gap junctions by dye transfer using microinjected calcein as a fluorescent small-molecule tracer (Fig. 7A) . IB3-1 cells treated overnight with 5 mM 4-PBA showed an eightfold increase in dye transfer compared with untreated control cells, suggesting a rescue of function that correlated with increased Cx43 trafficking to the plasma membrane (Fig. 7B) . Consistent with our observation in CuFi-5 cells, Cx43 was retained in the perinuclear region of the cell under control conditions at baseline (Fig. 7C, arrowhead) . Consistent with correction of CFTR trafficking by temperature shift, correction of Cx43 trafficking was observed upon a shift in the IB3 cells from 37°C to 25°C (Fig. 7D, arrowhead) compared with the untreated control (Fig. 7C) and was comparable to treatment with 5 mM 4-PBA overnight at 37°C (Fig.  7E, arrowhead) . The processes that simultaneously control CFTR and connexin trafficking are unknown; however, these results suggest that both proteins use a shared quality-control pathway that is modulated by 4-PBA (10, 51, 56) .
DISCUSSION
To date, studies of NuLi and CuFi cell behavior have used varying culture conditions on different substrates. The data presented here suggest that NuLi-1 and CuFi-5 cells continue to differentiate over time and that time post-airlift is a critical parameter that needs to be considered when these cell models are utilized for airway research. A number of desired characteristics that define the NuLi-1 and CuFi-5 cell lines (matching epithelial type, age, sex, genotype, immortalization method, ability to culture, and availability) made this cell model attractive for study of the contributions of nonciliated airway cells to CF and airway diseases. We analyzed the genotypic and phenotypic changes that occur in NuLi-1 (CFTR wt/wt ) and CuFi-5 (CFTR ⌬F508/⌬F508 ) cells during ALI culture. These telomerase-immortalized cell models are advantageous for several reasons, including the ability to propagate on plastic, differentiation into pseudostratified monolayers on Transwell permeable supports, and physiological levels of expression for CFTR message, protein, and channel function. Importantly, these cell models depict a high degree of similarity with, but do not completely recapitulate, primary ciliated hBE cells.
Instead, NuLi-1 and CuFi-5 cells represent pseudostratified epithelia enriched for serous columnar cells (Fig. 1) . This finding has considerable utility, since recent research has shown that CF disease impairs diverse airway cells, such as goblet cells, wherein mutant CFTR channels impair detachment of mucus (20) . NuLi-1 and CuFi-5 cells also allow for studies in a system that does not rely on overexpression of CFTR protein or CFTR-expressing cancer cells. The effects of low homozygous F508del CFTR expression, rather than overexpression to nonphysiological levels, can now be examined for the impacts of F508del CFTR on overall cell physiology, including physiological processes such as protein secretion, endoplasmic reticulum (ER) stress, innate immunity, and inflammatory response, and on pharmacological correction of defective CFTR protein in cell types other than ciliated cells.
Tight junction and gap junction gene signatures for NuLi-1 and CuFi-5 cells stabilized at weeks 5 and 7; the signatures at week 7 were most similar to ciliated primary airway hBE cells (Figs. 2 and 5 ). This correlated with development of stable TER values and increasing CFTR-specific Cl Ϫ currents, which were detectable in NuLi-1, but not CuFi-5, cells, increasing each week beginning at weeks 1, 3, and 5, while exhibiting the largest response at week 7 post-airlift (Fig. 3) . Importantly, the response to the CFTR channel blocker GlyH increased with time in ALI culture (Fig. 3) . The maximum current elicited by a combination of CFTR agonists, FSK ϩ IBMX, was 1.42 Ϯ 0.35 A/cm 2 at week 7 post-ALI, while GlyH caused a decrease of 1.20 Ϯ 0.17 A/cm 2 in Cl Ϫ current at week 7. These data correlate with the appearance of low levels of CFTR message and a stabilized tight junction barrier characteristic of NuLi-1 cells. CFTR currents were nearly undetectable in CuFi-5 cells at all time points tested, which is to be expected in cells expressing mutant forms of CFTR. As shown by lectin (Fig. 1) , mRNA, and protein (Fig. 4) analysis, CuFi-5 cells are similar to NuLi-1 cells in all aspects tested here, except the expected deficit in CFTR function. Thus, together, NuLi-1 and CuFi-5 cells represent an airway cell line model that can be used to study the effects of low CFTR expression in a population of age-and sex-matched airway cells that are mostly serous in nature.
We found that CuFi-5 cells, once stabilized, had significantly lower TER than NuLi-1 cells (Fig. 2) . This is consistent with previous reports associating impaired airway barrier function in CF with CFTR-null models or in cells expressing mutant CFTR (7, 34, 44, 66) . Although the mRNA expression profile of some tight junction proteins was lower for NuLi-1 and CuFi-5 cells than primary airway cells, these corresponding proteins were readily detectable. Taken together, these data validate the use of NuLi-1 and CuFi-5 cells for further studies on the effects of mutant CFTR on airway tight junctions.
Gap junctions are important for Ca 2ϩ signaling and metabolite sharing in tissues. Additionally, they act as voltage-gated ion channel systems that are regulated by charge potentials and cell membrane polarizations. In the airway, specifically, gap junctions have proven important for coordinated epithelial tailed t-test) . C-F: immunofluorescence images indicating membrane expression of Cx43 after treatment with 5 mM 4-PBA or temperature shift to 25°C. Arrowheads point to immunostained Cx43, located at the perinuclear region (C) or the point at which 2 adjacent cell membranes meet (D-F). Temperature shift to 25°C culture conditions is known to at least partially rescue CFTR trafficking (14) . action in response to bitter substances (32) and activation of the innate immune system in epithelial cells (22) and have further implications in CFTR-related cell functions (21, 36, 38, 42) . Not all connexins are compatible, although they can be grouped by observed compatibility (31) . However, the importance of the heteromeric and heterotypic gap junction compatibility to tissue physiology is not known and remains an enigma in the field of gap junction biology. CuFi-5 cells display an irregular connexin trafficking pattern similar to that found in the CFTR W1282X/⌬F508 heterozygous IB3-1 cells for the ␣-type Cx43 but display a normal trafficking and gap junction plaque formation for the ␤-type Cx26 (Figs. 6 and 7) . Of interest with regard to connexin trafficking is the fact that CFTR W1282X encodes only 86% of the residues in the full CFTR protein, yet there remains a strong interaction with Cx43, but not Cx26. These data are consistent with differential processing and trafficking of ␣-vs. ␤-type connexins (29) and underscore the hypothesis that mistrafficked F508del CFTR at physiological expression levels can have downstream effects on specific proteins, including gap junction proteins, as shown in this study. For a complete understanding of the pathological consequences of mutant CFTR that lead to CF, downstream, off-target effects beyond CFTR deficiency need to be considered.
Interestingly, we found that 4-PBA rescued Cx43 trafficking and function in CuFi-5 and IB3-1 cells (Figs. 6 and 7) , and it is also known to partially rescue mutant CFTR trafficking in other cell types (53, 56) . This process could occur through a shared mechanism where trafficking of Cx43 and CFTR is regulated by ERp29, an ER luminal resident quality-control chaperone upregulated by 4-PBA that acts on CFTR (51, 55, 56) and Cx43 (9, 10) . This mechanism could potentially explain the differences in cell function that are observed when F508del CFTR-expressing cells are only partially rescued by functional CFTR expression in terms of Cl Ϫ conduction but are not completely rescued in terms of cell responses to stress, such as in wound repair (57) , mucus clearance (33, 48) , and bicarbonate secretion (18) . Use of fully differentiated, age-and sex-matched NuLi-1 and CuFi-5 cells will aid in understanding the off-target effects that F508del CFTR expression can have on other cell functions.
NuLi-1 and CuFi-5 airway epithelial cells offer an attractive alternative model system to either primary hBE cells or cancer-derived cell lines that have numerous restrictions on use. Primary cells are difficult to obtain because of the lack of routine access to human lungs, high development costs of cell acquisition and culture supplies, technical ability to isolate and culture, genetic variation between donors, and inability to propagate without rich media or feeder layers. Cell models derived from tumors are useful but may obscure normal physiological processes. Therefore, our data demonstrate that NuLi-1 and CuFi-5 cell lines offer an advantageous system for the study of nonciliated cell types found in the airway and can be used to provide insights into normal and pathological airway epithelial physiology, particularly in the study of intercellular junctions.
